Primary effusion lymphomas (PELs) are causally associated with Kaposi's sarcoma-associated herpesvirus (KSHV) and 86% of PELs are coinfected with Epstein-Barr virus (EBV). Understanding how PELs develop has been impaired by the difficulty of infecting B cells with KSHV in vitro, and the inability of KSHV to transform them. We show that EBV supports an optimal coinfection of 2.5% of peripheral B cells by KSHV. This coinfection requires 1 or more transforming genes of EBV but not entry into KSHV's lytic cycle. We demonstrate that dually infected B cells are stably transformed in vitro and show that while both viruses can be maintained, different cells exhibit distinct, transformed properties. Transformed cells that grow to predominate in a culture express increased levels of most KSHV genes and differentially express a subset of cellular genes, as do bona fide PEL cells. These dually infected peripheral B cells are thus both stably transformed and allow in vitro molecular dissection of early steps in the progression to lymphomagenesis. 
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primary effusion lymphoma | KSHV | EBV | in vitro transformation P rimary effusion lymphoma (PEL) is a highly aggressive form of non-Hodgkin's lymphoma found primarily in HIV-infected patients (1) . PEL presents as lymphomatous effusions that grow mainly in the body cavities. The prognosis for patients is poor, with a median survival of about 6 mo postdiagnosis (1, 2) . PELs are causally associated with Kaposi's sarcoma-associated herpesvirus (KSHV), and 86% of them are also coinfected with Epstein-Barr virus (EBV) (1, 3) . EBV and KSHV (also known as human herpesviruses 4 and 8 [HHV-4 and HHV-8]) are 2 related oncogenic human γ-herpesviruses. They can persist latently in host cells, expressing a limited set of viral genes while maintaining their genomes as extrachromosomal plasmids. The maintenance of KSHV and EBV genomes as plasmids in PELs indicates that both viruses contribute to tumor phenotypes: these viral genomes are lost from proliferating cells if they do not provide their host cells some selective advantages (4) (5) (6) . The KSHV genome is retained as a plasmid both in PEL cells in vivo and upon explantation in vitro. In addition, several KSHV genes have been shown to be essential for the survival or proliferation of these cells (7) (8) (9) . KSHV is therefore thought to be the genetic driver for PEL.
We formerly lacked a model that allows complete characterization in vitro of the early steps of development of PEL: B cells have been notoriously difficult to infect with KSHV in vitro and when they can be infected, KSHV has not been found to transform them. The difficulty to infect B cells with KSHV in vitro was unexpected given its detection in B cell fractions in vivo. Even though KSHV causes Kaposi's sarcoma (KS) where it infects endothelial cells (10) (11) (12) (13) , KSHV viral DNA has been detected in populations of circulating B cells in vivo in both healthy individuals and KS patients (14) (15) (16) . In addition to PEL, KSHV has also been associated with multicentric Castleman's disease, a nonmalignant lymphoproliferative disorder (17) . While cells of endothelial and fibroblast origin can be efficiently infected with KSHV in vitro, attempts to infect lymphoblastic cell lines including B and T cell lines have been unsuccessful (18) (19) (20) (21) . In these studies, neither EBV − nor EBV + B cell lines could be infected. Several studies have found that primary
CD19
+ B cells isolated from peripheral blood and umbilical cord blood mononuclear cells are susceptible to KSHV infection (19, 21, 22) . However, KSHV did not lead to transformation of these cells and infection could only be detected by DNA PCR or RT-PCR shortly after infection. Recently, several groups have reported more robust infection of primary B cells isolated from tonsils with 0.5 to 10% of tonsillar B cells being infected with KSHV (23) (24) (25) (26) (27) . In this instance, KSHV infection could only be studied in these cells for short periods of time because of KSHV's apparent inability to transform them (24, 26, 27) .
Therefore, the conditions necessary for KSHV to infect B cells that lead to PEL remain unclear. We reasoned that because EBV is also found as a plasmid in the majority of examined PELs, it would be providing these cells one or more selective advantages. In contrast to KSHV, EBV can infect and transform peripheral B cells in vitro and induce their long-term proliferation (28, 29) . One study has reported detection of KSHV DNA by PCR in newly transformed B cells following exposure to both viruses, suggesting that cells can be dually infected in vitro (21) . In addition, a recent study found that KSHV was detected more often in the spleen and blood of NSG mice reconstituted with human CD34
+ cells when these mice were infected with KSHV and EBV compared with KSHV alone (30) . Here we describe extensive, quantitative experiments in which we define a role for EBV in supporting coinfection by KSHV. We show that EBV promotes infection of peripheral B cells with KSHV, and that this efficiency of infection is optimal within 24 h of EBV infection. We characterized the dually infected, proliferating B Significance Primary effusion lymphoma (PEL) is a highly aggressive B cell lymphoma. PELs are associated with Kaposi's sarcoma-associated herpesvirus (KSHV), and most of them are coinfected with Epstein-Barr virus (EBV). Human B cells have not previously been stably infected with KSHV in vitro. In this study, we have defined conditions to infect human B cells stably with KSHV and show that optimal infection requires coinfection by EBV. We show that a subset of these dually infected cells acquires multiple properties of PEL cells. This dual infection in vitro allows a mechanistic analysis of the contributions of EBV and KSHV to early steps in the development of PEL and underscores the desirability of targeting both viruses in developing new therapies for PEL. cells: they were transformed, maintaining both KSHV and EBV for months in culture. Some transformed cells grew more slowly than cells infected only with EBV and were often overgrown, whereas others grew to dominate the culture. These latter cells showed increased expression of most KSHV genes, including those encoded by the latency locus, regulated the expression of some cellular genes as do PEL cells, and thus shared multiple properties with PEL cells. This in vitro transformation of peripheral B cells by KSHV and EBV allows a mechanistic analysis of the viral and cellular genes that mediate early events in the progression toward PEL.
Results
In Vitro Activation of Peripheral B Cells Supports Detectable but Inefficient KSHV Infection. Peripheral blood mononuclear cells (PBMCs) were isolated from blood and CD19 + B cells were purified from them by negative selection to avoid stimulation of cell surface receptors. These CD19 + B cells were exposed to concentrated viral stocks of KSHV BAC16 using a multiplicity of infection (MOI) of 2 to 3 as determined on 293 cells. KSHV BAC16 is derived from the rKSHV.219 virus, isolated from the JSC-1 PEL cell line (31) . The recombinant KSHV BAC16 virus contains a GFP reporter driven by the constitutively active promoter EF1α. Previous studies (24) and our own observations showed that, even following extensive washes, KSHV viral particles remain bound to the surface of primary B cells. Therefore, GFP expression allowed us to monitor successful KSHV infection, as opposed to nucleic acid detection that does not distinguish viral entry from cell surface-bound particles. In addition, we confirmed that GFP expression indicates the presence of KSHV DNA in cells as measured by FISH (see below).
We found that peripheral B cells were refractory to infection by KSHV. Peripheral CD19 + B cells were spinoculated with KSHV BAC16 virus, before washing to remove unbound virus and subsequently cultured for 4 to 7 d to allow GFP expression. We monitored the number of CD19 + B cells expressing GFP by flow cytometry and detected no KSHV-infected (GFP + ) CD19 + B cells in 5 independent biological replicates obtained from 3 different blood donors (Fig. 1) . Furthermore, no GFP + cells were detected by fluorescence microscopy at day 1, 2, or 3, confirming that no detectable KSHV infection occurred before flow cytometry. These results demonstrate that KSHV cannot establish successful infection in resting, peripheral CD19 + B cells. Because researchers have reported successful infection of tonsillar B cells, which often contain activated B cells, we tested whether B cell activation supports detectable KSHV infection.
Isolated CD19
+ B cells were exposed to KSHV BAC16 at different time points before or following activation with IL-4 and CD40L. We found that in vitro activation of peripheral B cells could support, in some cases, detectable but inefficient KSHV infection (Fig. 1) . Infection of peripheral B cells with KSHV was highest when cells were infected with KSHV before IL-4 and CD40L activation (0.13 ± 0.14% with a maximum of 0.28% of GFP + cells). In comparison, 0.02 ± 0.02%, 0.03 ± 0.01%, and 0.06 ± 0.06% of B cells were GFP + when cells were exposed to KSHV, respectively, on days 0, 1, and 3 following B cell activation. These low efficiencies in the presence of IL-4 and CD40L were confirmed as live cells were passaged for ∼5 doublings and GFP + cells could still be detected by flow cytometry. While an earlier study (32) reported up to 30% of activated peripheral B cells to be susceptible to infection, although we infected similarly activated, peripheral B cells from multiple donors in 10 separate experiments, we found no more than 0.13% of them to be infected with KSHV (Fig. 1) .
EBV Infection Supports an Optimal Infection of Peripheral B Cells by KSHV. We tested whether EBV coinfection supports an optimal infection of peripheral B cells with KSHV. Peripheral CD19 + B cells were infected with the B95-8 strain of EBV at an MOI of 1 to 2. An average of 70% of the cells were blasts at day 3 or 4 postinfection with EBV (average from 7 independent biological replicates). CD19
+ B cells were exposed to KSHV BAC16 at different time points before, on the same day as, or following EBV infection. EBV infection promoted optimal infection (up to a 20-fold increase relative to activated B cells) of peripheral B cells with KSHV (up to 2.50 ± 1.13%) ( Fig. 2 A and  B) . The efficiency of infection with KSHV was comparable to that previously reported in tonsillar B cells (23) (24) (25) (26) (27) . However, EBV played a conflicting role in KSHV infection: early events of EBV infection promoted infection by KSHV but later events inhibited this coinfection. We found that infection of peripheral B cells with KSHV was highest when cells were exposed to KSHV 1 d before EBV infection (2.50 ± 1.13% with a maximum of 3.53% of GFP + cells). This efficiency decreased rapidly following infection with EBV, declining to 0.64 ± 0.45% with KSHV infection at day 1 and to 0.10 ± 0.05% at day 3 post-EBV infection. These measurements are consistent with reports of EBV + B cell lines being resistant to KSHV infection (19) (20) (21) . When cells were exposed to the 2 viruses on the same day the efficiency of infection with KSHV was 1.11 ± 0.33%. Therefore, optimal infection of peripheral B cells with KSHV is achieved when cells are exposed to KSHV within 24 h of EBV infection. We achieved this optimal coinfection using spinoculation to infect B cells with KSHV because it yielded a comparable or higher level of infection than did cocultivation of tonsillar B cells (23) , and it allowed us to measure the number of infectious particles required for successful, dual infections.
We examined what EBV contributes to foster KSHV infection. First, does EBV induce a potential KSHV entry receptor? DC-SIGN, also called CD209, was reported to be a receptor for KSHV entry in peripheral CD19 + B cells (32) and is the only potential receptor for KSHV previously described to be on B lymphocytes (33, 34) . We used 2 different anti-DC-SIGN antibodies and validated them on the human monocytic THP-1 cell line (35, 36) Second, we tested whether EBV is necessary for KSHV entry into B cells. We determined if KSHV infection could be blocked with a neutralizing antibody against KSHV glycoprotein gpK8.1A (anti-gpK8.1A 4A4) immediately before infection with EBV. Table S1 ). CD19 + B cells were treated with anti-gpK8.1A 4A4 24 h following exposure to KSHV and immediately before infection with EBV. The percentage of CD19 + B cells infected was the same whether treated or not with the neutralizing antibody (Fig. 2C) , indicating that KSHV virions became inaccessible to the neutralizing antibody before EBV infection either by entry into B cells or irreversible adsorption onto them. Therefore, KSHV either can enter nonactivated peripheral B cells or bind them irreversibly but cannot establish infection in the absence of EBV infection or B cell activation, which is also provided by EBV. We could not detect GFP expression in nonactivated peripheral B cells following exposure to KSHV, indicating that, if KSHV enters nonactivated B cells, B cell activation, or blast-formation is needed for KSHV gene expression. Importantly, and contrary to infections with EBV, exposure to KSHV alone did not induce proliferation and did not rescue nonactivated B cells from cell death.
Third, we tested which genetic contributions EBV makes to the early phase of dual infection by KSHV. Herpesviruses, such as human cytomegalovirus, carry viral proteins and mRNAs in virus particles that can contribute to the early stages of infection (40) . EBV specifically carries mRNAs encoding BZLF1 (41) , which is known to affect the early stages of infection. We used both γ-irradiation and an EBV mutant to characterize EBV's support of infection by KSHV. γ-Rays inhibit gene expression primarily by introducing double-stranded breaks into DNA. We used doses of γ-rays to irradiate a stock of B95-8 that would not inactivate proteins and mRNAs (42) , coinfected B cells isolated from 2 donors along with KSHV, and measured the fraction of dually infected, GFP + cells. γ-Irradiation inhibited EBV's support of dual infection by KSHV dose-dependently ( Table 1) , showing that viral mRNAs and proteins in the virus particle are insufficient for dual infection by KSHV. The slope of this inhibition curve paralleled one we had found to inhibit expression of EBV's nuclear antigens early after infection (42) . This requirement for EBV's nuclear antigens was tested with the EBNA2-null variant, HH514 clone 16 (43, 44) , in dual infections and yielded a 62% decrease in GFP + cells relative to B95-8 virus at day 5 postinfection (Table 1) . EBV, therefore, must express 1 or more transforming genes, including EBNA2, in primary B cells for dual infection and transformation by KSHV. Peripheral B cells were exposed to KSHV and the wild-type B95-8 strain of EBV, the B95-8 strain of EBV following γ-irradiation, or the HH514 clone 16 strain of EBV. Cells were exposed to KSHV and EBV on the same day. The percentage of cells infected with KSHV was measured by flow cytometry in 2 independent biological experiments on day 5 postinfection.
both EBV and KSHV 3 to 7 wk postinfection. FACS-sorting initially yielded 60 to 90% GFP + cells. Subsequently, the fraction of GFP + cells in these sorted populations was monitored over time by fluorescence microscopy. In some populations, the fraction of GFP + cells decreased over time (Fig. 3A) and correlated with the fraction of cells positive for KSHV by FISH (Fig. 3B ). The fraction of KSHV-infected and EBV-infected cells was monitored over time by FISH in both GFP − and GFP + populations ( Fig. 3 C-F). In KSHV + cells, the copy number of KSHV genomes ranged from 2 to 28, with an average of 11 genomes per cell indicating that KSHV is extrachromosomal in these cells. In addition, GFP − populations were negative for KSHV by FISH, confirming that GFP was not silenced but that loss of GFP indicated either a decrease in the fraction of dually infected cells or a loss of KSHV genomes from dually infected cells in these populations. Most GFP − and GFP + cells were positive for EBV by FISH demonstrating that KSHV-infected cells were also infected with EBV. EBV + cells were maintained in both GFP − and GFP + cells over time and the number of EBV genomes ranged from 1 to 44 in these cells.
Among these populations of infected B cells, some GFP + , KSHV + cells began to predominate. We observed multiple fluctuations in the percentage of GFP + cells over time. Some populations, in which the percentage of GFP + cells had previously decreased, still maintained a low number of GFP + cells for several months. In others, the percentage of GFP + cells spontaneously increased in the absence of any selection by FACS, and either continued to increase over time or later decreased. We therefore tested whether the dually infected cells in populations of infected B cells were transformed to maintain both KSHV and EBV stably. We followed and repeatedly sorted 2 populations of infected cells obtained from 2 different blood donors for GFP, measured the number of EBV and KSHV genomes in them, and analyzed their proliferation and clonal composition based on VDJ recombination in the Ig heavy-chain locus. In the first population (population 1), the GFP + cells outgrew the GFP − cells to become stably, dually infected (we term these cells "KSHV + /EBV + -fast"). The percentage of GFP + cells increased from 1.4 to 90% over 5.5 mo and KSHV was still maintained in these cells after 7 mo of culture (Fig.  4A) . We cultured and sorted portions of population 1 and compared their phenotypes to those of a second population (population 2) that needed FACS selection of the GFP + fraction (termed "KSHV + /EBV + -slow") to avoid its being overgrown. Early in the culturing of this second population (before FACS selection), the percentage of dually infected, GFP + cells increased to ∼10% before the GFP − cells (EBV-only infected cells) began to overgrow them. These 2 populations were compared longitudinally for 3 to 5 mo.
Cells from unsorted and sorted populations were collected at different time points and analyzed for the presence of KSHV and EBV by qPCR (Fig. 4B) . The average number of KSHV genomes per cell in the population 1 increased over time from ∼3 to 31 genomes per cell. Analysis by FISH showed that this increase is due to the percentage of KSHV + cells (KSHV To look for competitive growth advantages between dually infected and EBV-only infected cells, we analyzed the clonal composition of populations 1 and 2. RNA was isolated at different time points before and after sorting of GFP + cells RNAsequencing (RNA-seq) was performed (46) and analyzed computationally with MiXCR, to determine the percentage of each clone based on VDJ recombination in the Ig heavy-chain locus (Fig. 5) We measured the frequency with which dually infected B cells yielded stably transformed progeny. B cells from 2 donors were purified and exposed to both viruses. For both donors the cells were sorted at day 7 postinfection; for 1 donor an aliquot was also sorted at day 12. Sorted, GFP + cells were plated on human fibroblast feeders using 2-fold dilutions, each with 8 replicates, and followed for 7 to 8 wk. Cloning efficiencies were determined from Poisson statistics for all 3 end-point dilutions. On average, 2% of B cells exposed to both viruses yielded GFP + , dually infected cells on day 7. When these cells were serially diluted, on average, 5% of the wells having 1 cell or less formed stably proliferating populations, of which 40% remained GFP + , thus dually infected. We defined the KSHV We therefore used PCA to analyze the cellular transcripts in the different types of dually infected, stably transformed cells. Cellular gene expression distinguished the 2 types of dually infected cells (Fig. 7A) , underscoring the correlation between the differential expression of KSHV genes and cellular genes in these cells. Cellular gene expression in 9 cases of PEL has previously been compared with that in 53 cases of various non-PEL B cell malignancies and a pattern of expression characteristic of PEL has been defined (51). Using gene set enrichment analysis (GSEA), we compared the sets of genes that were up-regulated or down-regulated in PEL and found that cellular genes characteristically inhibited in PEL were also inhibited in the KSHV + / EBV + -fast cells relative to the KSHV + /EBV + -slow cells (P < 0.001) (Fig. 7B) . To determine if differences in the fractions of cells supporting KSHV's lytic phase could underlie these differences in cellular gene expression, the cells supporting KSHV's lytic cycle were measured by counting those with amplified, compartmentalized KSHV DNAs, which are characteristic of its lytic cycle. We used FISH to screen 200 to 300 cells in which 90% or more of the KSHV 
/EBV
+ -slow cells expressed the early antigen encoded by BHRF1, indicating that they support entry into EBV's lytic cycle similarly. In addition, measurements with RNA sequencing showed that the levels of the BZLF1 transcript were similar in these 2 cell populations and less than those of EBNA1, already a rare transcript.
Using GSEA, we have also identified cellular genes expressed at higher levels in the KSHV + /EBV + -fast relative to the KSHV + / EBV + -slow cells and found that genes in the pathway involving NF-κB were up-regulated in the KSHV + /EBV + -fast cells (P < 0.001) (Fig. 7C) . Among genes that were up-regulated, we identified CCL20 as well as NFKB1. NF-κB was found to be constitutively activated in PEL cells and its activity was necessary for their survival (52) . Increased expression of KSHV genes, in particular v-FLIP, likely contributes to increased NF-κB activity and CCL20 expression in the KSHV + /EBV + -cells (7, 53) . This altered expression of viral and cellular genes in the KSHV + /EBV + -fast cells distinguishes their transformed properties from those of the KSHV + /EBV + -slow cells and associates them more closely with PEL cells.
Discussion
PELs are characterized by their being derived from B cells infected with KSHV and in most cases dually infected with EBV. These lymphomas have not been readily modeled in vitro, although multiple studies have detected initial infections, particularly of tonsillar B cells, with KSHV. We set out to determine conditions in which peripheral B cells could be infected with KSHV stably both because these cells are readily available and because they are not prone to be activated, as is often the case for portions of tonsillar-derived B cells. We found that an optimal infection of peripheral B cells with KSHV required coinfection by EBV within 24 h. These conditions supported the long-term proliferation of dually infected cells. We found that the infecting EBV partner allowed activation of the B cells and expression of KSHV genes. Analyses with γ-ray irradiation of EBV and with an EBNA2-null variant showed that at least 1 transforming gene of EBV is required for EBV's support of KSHV-infection of B cells. EBV likely also supported proliferation of the dually infected cells given its ability to maintain proliferation of EBV-only infected cells. This likelihood is supported by the findings that forcing the loss of EBV genomes from PEL cells either by inhibiting EBNA1 with its dominant-negative derivative or by targeting EBNA1 with CRISPR/Cas9 gRNAs inhibits both their proliferation and the maintenance of their KSHV genomes (54, 55) .
The dually infected cells in populations of B cells varied in their proliferative capacities. Some were outgrown by B cells infected only with EBV and could be isolated by repeated rounds of FACS. These we refer to as KSHV + -slow cells expressed the λ-light chain, which is consistent with the work of Totonchy et al. (27) , who showed that KSHV infection induces a B cell receptor revision, resulting in expression of λ-light chain. One study suggested that PELs often have λ-lightchain genes productively rearranged (56) . Even though heavychain genes are expressed at the RNA level, PELs often do not express surface immunoglobulins detectably (1, 56, 57) . We analyzed publicly available data from RNA sequencing of PEL cell lines with MiXCR and confirmed the previously reported use of λ-light chain in BCBL-1 cells and κ-light chain in HBL-6 cells (56) . In addition, we found BC-3 and AP3 cells to express λ-light chain, too. The Ig light chain used in other analyzed PEL cell lines (AP5 and AP2) could not be determined due to its low or absent expression. Thus, 3 of 4 PEL cell lines express λ-light-chain mRNA as do both the KSHV (49, 50) . Increased expression of KSHV vIL-6 could therefore drive the transformation of the KSHV + /EBV + -fast cells. In addition, increased expression of KSHV v-FLIP likely contributes to the increased NF-κB activity and to the transformed phenotype of these cells (7, 53) . Another insight into this transformation comes from the finding that it is not necessary for KSHV to express its lytic genes to infect B cells optimally along with EBV. This subset of viral genes therefore is not needed for the early events in transformation.
The long-term dual infection and transformation of peripheral B cells by KSHV and EBV advances our ability to identify steps in a progression toward PEL. For example, neither the KSHV + / EBV + -fast nor the KSHV + /EBV + -slow cells support either viral lytic phase efficiently. We can now identify the viral genes that regulate the expression of cellular genes in patterns shared with PEL. In a recent study, NSG mice that were reconstituted with human CD34
+ cells and subsequently infected with KSHV and EBV showed enhanced tumor formation compared with mice infected with EBV only (30) . By selecting for tumors in immunodeficient mice, McHugh et al. (30) observed a correlation between the fraction of cells that supported EBV's lytic cycle and tumor formation. It is particularly revealing that the distinct, transformed properties of the KSHV + /EBV + -fast cells arose in the absence of any selective pressures in an animal or human host and did not correlate with a dramatic increase in the fraction of cells supporting EBV's lytic cycle. Our model of dual infection in vitro therefore enables the genetic dissection of the viral and cellular genes that mediate the early stages of transformation toward PEL.
Materials and Methods
Isolation of Peripheral B Cells. Peripheral blood B lymphocytes were purified from whole blood collected from healthy donors and buffy coats obtained from Interstate Blood Bank. Study protocols were approved by the University of Wisconsin-Madison Health Sciences Minimal Risk Institutional Review Board. Informed consent was obtained from all donors. PBMCs were isolated from EDTA-treated blood by Ficoll-Paque (GE Healthcare Life Sciences) density gradient separation. Twelve different donors were used in this study and each condition for which n ≥ 3 was tested in 3 to 4 different donors. Peripheral -slow cells with the hallmark gene set "TNF-α signaling via NF-κB", P < 0.001, falsediscovery rate q-value < 0.001, normalized enrichment score = 3.8.
CD19
+ B cells were purified from PBMCs by negative selection according to the instructions of the manufacturer (B Cell Isolation Kit II, Human, Miltenyi Biotec). The isolation yielded > 90% CD19 + B cells as determined by staining with anti-CD19 monoclonal antibody and flow cytometry.
Cell Culture. The 293 (58) and Daudi (59) cell lines were used for titration of KSHV and the recombinant 2089 strain of EBV, respectively. LL8 CD40 ligand feeder cells (60, 61) were used for in vitro activation of peripheral B cells. 293 cells and LL8 CD40 ligand feeder cells were grown in DMEM supplemented with 10% FBS. Daudi cells and peripheral B cells were cultured in RPMI supplemented with 10% FBS. Antibiotics (200 U/mL penicillin and 200 μg/mL streptomycin) were added to all cell lines and primary cultures. All cells were incubated in 5% CO 2 at 37°C. All cells used in this study were routinely tested for mycoplasma contamination using the primers described by van Kuppeveld et al. (62) .
Antibodies. Anti-CD19 antibody clone LT19 conjugated to APC or VioBlue was purchased from Miltenyi Biotec. Two anti-DC-SIGN antibodies and their respective isotype controls were used: anti-human DC-SIGN/CD209 clone 120507 and mouse IgG2B isotype control conjugated to APC (R&D Systems) and anti-human DC-SIGN/CD209 clone DCN46 and mouse IgG2b, κ-isotype control conjugated to V450 (BD Biosciences). The anti-EBV EA-R-p17 antibody, clone 5B11 from Millipore Sigma was used to detect expression of the early antigen encoded by BHRF1. The anti-gpK8.1A 4A4 antibody (hybridoma culture supernatant) was a kind gift from Bala Chandran, Department of Molecular Medicine, Morsani College of Medicine, University of South Florida, Tampa, FL.
KSHV and EBV Virus Stocks Preparation. iSLK cells (18) carrying the recombinant wild-type KSHV BAC16 (31) or the mutant KSHV BAC16RTAStop (45) (iSLKBAC16 and iSLKBAC16RTAstop cells were kindly provided by Jae U. Jung, Department of Molecular Microbiology and Immunology, Keck School of Medicine, University of Southern California, Los Angeles, CA) were grown in DMEM supplemented with 10% FBS, 250 μg/mL G418, 1 μg/mL puromycin, and 1,200 μg/mL hygromycin. One clone of iSLKBAC16 cells (clone 5) was isolated and used in this study to produce KSHV BAC16 virus. iSLKBAC16 clone 5 and iSLKBAC16RTAstop cells were induced with 1 μg/mL doxycycline and 1 mM valproic acid in the absence of G418, puromycin, and hygromycin. The supernatant was harvested at days 4 and 8 and cleared of cells and debris by multiple rounds of centrifugation (500 × g for 10 min followed by 3,000 × g for 10 min). B95-8 (63) and HH514 clone 16 cells were grown in RPMI supplemented with 10% FBS and were induced when they reached 7 × 10 5 cells/mL with 20 ng/mL TPA and 3.5 mM sodium butyrate. The supernatant was collected at day 5 and cells and debris were removed by centrifugation at 500 × g for 10 min and filtration with a 0.8-μm low-protein binding filter. The 293 cells carrying the recombinant EBV genome 2089 (64) were grown in DMEM supplemented with 10% FBS. To induce viral production, cells were transfected when they were ∼50 to 60% confluent with vectors expressing BZLF1 and BARF4 using Lipofectamine 2000 (Invitrogen). Following transfection, the medium was changed to DMEM with 10% FBS and the supernatant was harvested 5 d later. Alternatively, 293 cells carrying 2089 and expressing BZLF1 fused to the estrogen receptor ligand-binding domain were cultured in DMEM supplemented with 10% FBS, 1 μg/mL puromycin, and 200 μg/mL hygromycin. Virus production was induced with 200 nM tamoxifen, the medium was removed 24 h later and changed to DMEM with 10% FBS. The supernatant was collected 2 and 4 d later. Supernatants containing 2089 virus were cleared of cells and debris by multiple rounds of centrifugation (500 × g for 10 min followed by 3,000 × g for 10 min). All viruses were maintained at a pH of 7.2 by addition of Hepes when necessary. KSHV and EBV viral supernatants were concentrated 100-fold by centrifugation at 48,000 × g for 2 h and viral pellets were resuspended at 4°C overnight in RPMI supplemented with 10% FBS and 50 mM Hepes. Separate aliquots were kept at −80°C and thawed immediately before use; another round of centrifugation at 950 × g for 10 min was performed before use for KSHV and 2089 viral preparations to remove any remaining debris.
Titration of Virus Stocks by Real-Time PCR and Infectivity Assays. The number of KSHV and EBV physical particles in viral stocks was measured by real-time PCR. Viral stocks were treated with DNase I (Roche) and proteinase K (Roche) before viral DNA extraction by Phenol/Chloroform. An aliquot of 4 μL of isolated viral DNA was analyzed by real-time PCR as previously described (5) . Briefly, reactions were performed in a 384-well plate in a final volume of 20 μL with 0.5 μM of both the forward and reverse primer, 0.2 μM of the probe, Rox reference dye (Invitrogen), and AmpliTaq Gold 360 Master Mix (Applied Biosystems). Primers and probes for real-time PCR were as follows: BALF5 (EBV), forward: 5′-CGG AAG CCC TCT GGA CTT C-3′, reverse: 5′-CCC TGT TTA TCC GAT GGA ATG-3′, probe: 5′-6-FAM/TGT ACA CGC ACG AGA AAT GCG CC/TAMRA-3′; LANA1 (KSHV), forward: 5′-AAC AAA TTG CCA GTA GCC CAC CAG-3′, reverse: 5′-TAA CTG GAA CGC GCC TCA TAC GAA-3′, probe: 5′-6-FAM/ATA CAC CAG/ZEN/ACG ATG ACC CAC AAC CT/IABkFQ-3′. The reactions were incubated at 50°C for 2 min, then at 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Data were collected on a 7900HT real-time instrument (Applied Biosystems) and analyzed using SDS v2.4 software. The number of viral particles was determined by creating a standard curve using linearized plasmids containing the DNA sequence of either BALF5 or LANA1.
For Cs source for increasing times at a fixed position in the presence of 1 mM histidine, which served as a free-radical scavenger. The exposure times were determined by the flux of γ-rays previously measured at that position and corrected for the decay of 137 Cs since that measurement.
PCR to Identify Wild-Type and Mutant KSHV BAC16 Strains. DNA was isolated from mutant and wild-type KSHV BAC16 viral particles as described above. A fragment of 476 bp spanning the mutation in ORF50 was amplified by PCR with the GoTaq Flexi DNA Polymerase (Promega) at the following conditions: denaturation at 95°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 1 min for 35 cycles using the forward primer: 5′-ACG TGG CAG TCT GGA TTG AG-3′ and the reverse primer: 5′-AAT GCC TTG GGA TGC CTC TG-3′. The PCR product was purified using the QIAquick PCR Purification Kit (Qiagen) and digested with the NheI restriction enzyme for 2 h at 37°C.
Infection and In Vitro Activation of Peripheral B Cells. In each experiment, 1.5 × 10 5 -2 × 10 6 B cells were used per condition. In all experiments, a fraction of the cells was left uninfected as a negative control and no cell growth or GFP expression was observed. During incubation with viruses, 50 mM Hepes was added to the culture medium of peripheral B cells. For exposure to KSHV, the recombinant wild-type or mutant KSHV BAC16 virus was added to B cells at an MOI of 2 to 3 and cells and virus were centrifugated at 950 × g for 90 min at room temperature (65) . Following spinoculation, cells were washed to remove unbound viruses and resuspended in their culture medium. For experiments in which a neutralizing antibody was used, B cells were exposed to KSHV BAC16 at an MOI of 2 as described above. Cells were washed to remove excess, unbound virus and treated 24 h later with anti-gpK8.1A 4A4 for 2 h at 37°C. Cells were then washed and infected with EBV. For exposure to EBV, B cells were exposed to B95-8 or HH514 clone 16 FISH. Cells were fixed and hybridized with probes as previously described (6, 66) . In brief, cells were treated with 0.075 M KCl for 20 min at 37°C, fixed in methanol:acetic acid at a 3:1 ratio for 30 min at room temperature, and spread on cold slides. Slides were dried and prehybridized in a buffer with 2× SSC and 0.5% (vol/vol) Nonidet P-40 (Sigma-Aldrich) for 30 min at 37°C, dehydrated in a cold ethanol series (70%, 80%, and 95%) for 2 min each, airdried at 50°C, denatured in a buffer with 70% formamide and 2× SSC, pH 5.3, for 2 min at 72°C followed by dehydration with a cold ethanol series, and air-dried. The KSHV cosmid Z8 (67) was labeled with biotin-16-dUTP (Roche), and EBV p135.16 was labeled with digoxigenin-11-2′-deoxy-uridine-5′-triphosphate (Roche) by nick translation as hybridization probes for detection of KSHV and EBV genomes in cells, respectively. Next, 200 ng of the labeled probe was precipitated along with 6 μg Salmon Sperm DNA (Invitrogen) and 4 μg Human Cot-1 DNA (Invitrogen) and resuspended in CEP hybridization buffer (55% formamide, 1× SSC, pH 7.0, and 10% dextran sulfate) followed by denaturation at 70°C for 10 min. Forty-five nanograms of the probe was then hybridized with each sample at 37°C overnight in a moist chamber. The slides were washed twice in 2× SSC containing 50% formamide for 30 min at 50°C and twice in 2× SSC for 30 min at 50°C. The hybridized probe was detected by incubation with 10 μL of a detection solution containing a mouse monoclonal antidigoxin-FITC conjugate (SigmaAldrich) and a streptavidin-Cy3 conjugate (Sigma-Aldrich) for 20 min at 37°C. The slides were washed twice in 4× SSC containing 0.05% Triton X-100 for 5 min at room temperature and mounted in Vectashield mounting medium with DAPI (Vector Laboratories) for staining chromosomes. The percentage of KSHV + and EBV + cells as well as the number of plasmids per cell were determined by counting the number of signals in at least 45 cells for each sample. FISH slides were imaged on an Axiovert 200M microscope and AxioVision software (Zeiss) was used for acquisition of the images. Images were digitally processed for presentation with Adobe Photoshop.
Immunofluorescence. Cells were pelleted and resuspended in 1× PBS before being air-dried on slides. Cells were then fixed in ice-cold acetone and incubated overnight in blocking solution (PBS + 10% goat serum). Cells were then incubated with the primary antibody diluted 1:100 in PBS + 10% goat serum for 1 h at 37°C. Cells were washed with PBS and incubated with the secondary antibody (Alexa Fluor 568 F(ab')2 goat anti-mouse IgG (H+L), ThermoFisher) diluted 1:2,000 in PBS + 10% goat serum for 1 h at 37°C. Cells were washed with PBS and the slides were mounted in Vectashield mounting medium with DAPI (Vector Laboratories).
RNA Isolation for RNA-Sequencing. Dually infected B cells were harvested in TRIzol or TRIzol LS (Invitrogen). RNA was isolated using the Direct-zol RNA MiniPrep Kit (Zymo Research) and RNA quality was assessed using an Agilent 2100 Bioanalyzer.
Library Preparation and High-Throughput Sequencing. Library preparation and sequencing on an Illumina NovaSeq. 6000 with paired-end 150-bp reads was performed by the Oklahoma Medical Research Foundation Clinical Genomics Center (Oklahoma City, OK). Raw data and additional methods were deposited in the Sequence Read Archive (PRJNA544266).
RNA-Seq Analysis. Reads were mapped to the NCI Genomic Data Commons (GDC) reference genome with STAR_2.5.1b (68) . Parameters for first and second pass mapping were selected from the GDC Harmonized mRNA Analysis Pipeline. Reads mapping to cellular and viral genes were quantified with featureCounts v1.6.2 (69) . For cellular genes, the GENCODE v22 GTF annotation was used. Viral gene counts were determined using a modification of the approach by Bruce et al. (47) . Briefly, reads mapping to the unique coding sequence (UCDS) region of each KSHV gene were summed [UCDS regions were obtained from Bruce et al. (47)]. For nested transcripts, an estimated count of the overlapping portion of the larger transcript B was subtracted from the raw count of the UCDS region of the smaller transcript A using the formula: Counts(UCDS A ) = RawCounts(UCDS A ) − [RawCounts(UCDS B ) × (Length(UCDS A )/ Length(UCDS B ))]. A similar approach was applied to EBV. UCDS regions were demarcated using the National Center for Biotechnology Information reference NC_007605.1 and regions identified by Eric Johannsen (SI Appendix, Table S3 ).
Where possible, nonoverlapping regions were identified and separated by at least 152 bp. When transcript structure prohibited this approach, nested transcripts were identified and quantified as described above. Following this approach, only 0.7-3.1% of viral reads were unassigned to a specific transcript by featureCounts. For differential expression analysis, data normalization, model fitting, and fold-change calculations were performed in R (3.5.1) with DESeq2 v1.22.1 (70) . Genes with fewer than 10 reads across all samples were omitted from the analysis. Fold-change shrinkage was applied using the apeglm method (71) . In heatmaps, the coloring is the columnwise z-scores of the variance-stabilizing transformation. The normalized expression in the coverage plots of RNA-seq reads was plotted using deepTools factoring in the total number of mapped reads (in millions) for each group of samples (7 samples 
/EBV
+ -slow cells was ranked with ranking metric −log(P value)*sign(log fold-change) using GSEA PreRanked. Ig clonotypes were determined using MiXCR v2.1.11 (75) with built-in V/D/J/C library: repseqio.v1.5. The recommended pipeline for RNA-seq input was used. Clonotypes were determined using the IGH VDJ (CDR3) calls from MiXCR. 
